A barrier to the widespread application of building integrated photovoltaics (BIPV) is
Introduction
Building integrated photovoltaic ͑BIPV͒ products are drawing more attention from the building industry as the price of photovoltaic modules continues to drop ͓1͔. The Building and Fire Research Laboratory at the National Institute of Standards and Technology ͑NIST͒ seeks to facilitate informed decisions on when and how to effectively deploy BIPV products. NIST contributes by providing high quality experimental data, which is used to develop, validate , and refine computer simulation tools.
The prediction of the photovoltaic module's cell temperature plays an important role in the modeling of its electrical and thermal performance. The cell temperature depends on many physical and environmental factors. The construction of the module and the manner in which it is installed in the building influence its operating temperature. Environmental conditions, such as the ambient temperature, solar irradiance, wind speed, and wind direction also affect the cell temperature.
The nominal operating cell temperature ͑NOCT͒ is commonly used to predict the cell temperature over a range of environmental conditions. By definition, the NOCT is the temperature of the cells at a solar irradiance of 800 W/m 2 , an ambient temperature of 20°C, and a wind speed of 1 m/s. The American Society for Testing and Materials ͑ASTM͒ has developed a standard method to determine the NOCT ͑E 1036M Annex A1͒ ͓2͔.
The NOCT approach is based on the more common scenario where both sides of the PV module see the same ambient temperature and wind conditions. Notably, the approach also makes the approximation that the overall heat transfer coefficient for the PV module is constant.
Understandably, when a PV module is integrated into the exterior envelope of a building, the potential for deviating from the heat transfer case captured by the NOCT model is substantial. For example, the two sides of the building integrated module will typically be subjected to significantly different environmental conditions. The heat transfer, and ultimately the PV cell operating temperature, is affected by the building mounting mechanism. Insulating materials, if installed on the interior side of the building and BIPV module, add to the potential deviations. Additionally, if the manufacturer's NOCT value is used in lieu of a temperature more representative of the panel's insulation level, errors will result in the predicted cell temperature. Therefore, the method used for determining the cell temperature must accurately cover a wide range of environmental conditions and mounting arrangements.
With these possible deviations in mind, NIST made some initial comparisons of NOCT predicted cell temperatures versus measured BIPV cell temperatures. These initial comparisons suggested, as expected, that the NOCT approach has limitations when used for predicting BIPV cell temperatures. Efforts were then made to develop predictive methods that were tailored to BIPV applications. The proposed methods, their basis, and initial comparison with measured data, are the focus of this paper. Comparisons with the NOCT approach are provided.
Approach
Measured BIPV cell temperatures are available from NIST's Building Integrated Photovoltaic test bed. The test bed includes eight instrumented BIPV panels that are mounted vertically in the south wall of the Building and Fire Research Laboratory on the NIST campus in Gaithersburg, Maryland. The NIST BIPV test bed also incorporates a small weather station on the building façade ͓3͔.
Four cell technologies are presently featured in the NIST BIPV test bed: single crystalline, polycrystalline, silicon film, and triplejunction amorphous silicon. Two panels of each technology are installed. One panel of each cell type is insulated with extruded polystyrene that has a measured thermal resistance of 3.46 m 2 •K/W, whereas the other panel is installed without insulation. Three out of the four pairs of panels were custom fabricated. The single crystalline, polycrystalline, and silicon film panels consist of a Tedlar 2 -Mylar 2 backsheet, the respective cell technology, and a 6 mm thick piece of solar glass. Individual amorphous silicon cells were not available for fabricating a custom sized building integrated photovoltaic panel. Thus, commercially available triple junction amorphous silicon modules were used. A complete description of the panels is included in a paper presenting initial results from the test facility ͓4͔.
This paper focuses on the thermal and electrical performance of the two single crystalline panels. Temperature measurements for each of the panels are made directly on the back of the panel and on the back of the thermal insulation ͑where applicable͒. Thermocouples are attached to the rear of selected cells within the panels. At this time, more than 12 months of data are available for comparison. For the same time frame, the following environmental parameters have been recorded: the indoor and outdoor ambient temperature; wind speed and direction at the panels and on the roof; horizontal and in-plane total solar irradiance; normal incident beam irradiance; and radiative temperature of the indoor and outdoor surroundings. The uncertainty associated with each of these measurements is discussed in Appendix A. This data can be used to predict the cell temperature using the NOCT method and a one-dimensional, transient heat transfer model.
The one-dimensional heat transfer model was formulated to provide a more complex and precise temperature model for BIPV panels. One goal of this paper is to evaluate the benefits of a more complex temperature model as compared to the two-parameter NOCT model.
In any decision concerning BIPV, the amount of power generated is the most important consideration. The prediction of cell temperatures will lead to a comparison of the predicted peak power at each predicted temperature. The calculation of the power produced by a panel was performed on a virtual single crystalline module using a model proposed by Sandia National Laboratories ͑SNL͒ ͓5͔. Because not all of the necessary parameters for this model have been measured on the NIST BIPV panels, a module using the same cells as the single crystalline panel was selected from a database of SNL measurements. The power was calculated for this panel using the measured temperature, the temperature predicted using the NOCT technique, and the temperature predicted using the one-dimensional model developed in this paper.
Model Development
NOCT Model. The method for predicting the cell temperature using the nominal operating cell temperature is outlined in ASTM standard E1036M Annex A1 ͓2͔. The nominal operating cell temperature of a panel is measured with the panel in an open rack at a fixed position throughout the day. The panel is positioned at an elevation and azimuth that is normal to the sun at solar noon. The panel temperatures, ambient temperature, total irradiance in the plane of the panel, and wind speed are all measured for an eight-hour period. The standard assumes that the overall heat transfer coefficient is constant, which dictates that the difference between the cell temperature and the ambient temperature is linearly related to the solar irradiance. Therefore, a line relating the temperature difference to the irradiance is fit to the data, and the NOCT value is interpreted as the temperature difference at 800 W/m 2 according to the fit plus the nominal 20°C ambient temperature. Finally, the average measured ambient temperature and average measured wind speed are used to adjust the NOCT value. The cell temperature at any irradiance level and ambient temperature is determined using ͓6͔:
where
In this paper, the NOCT values are taken from the manufacturer's specifications ͓7͔. For a rack-mounted panel, the specified NOCT is 45°C. NOCT tests were run on a panel similar to the single crystalline panel. The panel was fabricated the same way as the single crystalline panel, but it utilized polycrystalline cells. The NOCT value for that panel was 44°C. The transmittanceabsorptance product was assumed to be the product of the cell absorptance at normal incidence and the glass transmittance at normal incidence.
The irradiance for the NOCT method is measured in the plane of the panel. When these measurements are not available, transformations of horizontal irradiance measurements are necessary. A comparison of the performance of the NOCT model will be made between the irradiance measured in the plane of the panel and irradiance transformed from horizontal measurements.
One-dimensional Transient Heat Transfer Model. The NIST proposed alternative method for predicting the cell temperature of a BIPV panel is based on the approximation of onedimensional, transient heat transfer. This method was also used by a group of researchers attempting to predict the temperature of a PV array on the Martian surface ͓8͔. Their study divided a rackmounted panel into three layers: the top cover, PV cells, and back layer. The thermal analysis associated with the Martian photovoltaic panel included forced convection from the front surface; natural convection from the rear surface; radiation from the front surface to the sky and the ground; and radiation from the rear surface to the sky, ground, and shaded ground.
The NIST BIPV single crystalline panels are also modeled as multi-layer composites. The layers include the protective cover glass, the PV cells, the backsheet, and the insulation behind the panel on the insulated panel. The physical parameters used in the model are shown in Table 1 . The cover glass specifications were obtained from the manufacturer. The thermal and physical properties of the PV cells were assumed to be those of pure silicon, but the nominal thickness of the cells was obtained from manufacturer specifications. Panel efficiencies were measured over the modeled period for the two BIPV panels. The thermal resistance and thickness of the extruded polystyrene insulation were obtained from nominal measurements. The specific heat and density were assumed to be equal to that for generic extruded polystyrene. For the backsheet, the specific heat and density were taken directly from the manufacturer's specification sheet, the thickness was measured from a sample, and the thermal conductivity was estimated from similar polymer films.
The model assumes that the absorbed incident solar radiation not converted to electricity is converted to thermal energy at the cell. This thermal energy is conveyed to the panel surfaces via conduction, and at each surface, convection and radiation transfer heat to the surroundings. A graphical representation of the model can be seen in Fig. 1 . The model is described by Eqs. ͑2͒-͑8͒.
Solar Heat Flux. The solar incident energy that is converted to heat is determined from the beam irradiance, total irradiance, transmittance of the cover glass, absorption of the PV cells, and panel electrical conversion efficiency. The beam and total irradiance are measured with a normal incidence pyrheliometer ͑NIP͒ and a pyranometer, respectively. The total irradiance is measured with both a roof and wall mounted pyranometer. These quantities are used to calculate the diffuse irradiance, using Eq. ͑9͒. The effective irradiance, G effective , equals the amount of total irradiance that reaches the cell surface. Equation ͑10͒ shows the procedure used to convert the beam and diffuse irradiance into the effective irradiance using the transmittance of the front cover material. The electrical conversion efficiencies of the BIPV panels, Table 1 , were computed from measurements of the electrical energy produced by the panels and the incident solar insolation over the modeled period ͑August 22 through October 6, 2000͒.
For the model proposed by NIST, the transmittance of the cover material, glass, for diffuse light is assumed to be the beam transmittance at an incident angle of 60 degrees, 82.6%. The transmittance function is shown in Eqs. ͑11͒-͑14͒ ͓6͔.
where nϭ1.5995, which corresponds to the refractive index that results in a normal transmittance equal to the glass manufacturer's reported value of 89.8% ͓7͔. According to Parretta ͓10͔, the reflectance for a single crystalline solar cell with an inverted pyramidal texture and an antireflective coating varies from 2% to 10% over the applicable range of wavelengths at low incident angles. Therefore, assuming a reflectance of 5% and 0% transmission, the absorptance of the cell would be 0.95.
Outside Convective Heat Flux. The convective heat transfer from the cover glass to the outdoor ambient environment is assumed to be dominated by forced convection. The average heat transfer coefficient is determined from the average Nusselt number using
The forced convection heat transfer is determined to be laminar. For all panels tested, the critical velocity for laminar flow is 6.2 m/s ͑13.9 mph͒, and only five of 13250 wind speed measurements over the modeling period were greater than 5 m/s ͑11.2 mph͒. The effective length in this calculation was taken to be the width of the panel. This assumes that the wind currents flow horizontally across the panel. Two applicable Nusselt number relations, Table  2 , were compared to determine the formulation that best described the convective heat transfer for the panels.
Radiative Heat Flux. Radiation heat transfer occurs between the outside cover glass and the surroundings and between the backside of the insulated or uninsulated BIPV panel and the indoor environment. The effective temperature of the surroundings in Eqs. ͑5͒ and ͑7͒ are determined from infrared radiation measurements and the relationship,
Inside Convective Heat Flux. It is assumed that the convective heat transfer from the backside of the panel ͑or insulation͒ to the indoor ambient conditions is dominated by natural convection. Similar to forced convection, the average indoor heat transfer coefficient, Eq. ͑17͒ was determined by the average Nusselt number for the indoor conditions.
Four applicable Nusselt number relations were compared for natural convection, Table 3 . Unlike the outside convective heat flux, the air currents on the inside surface of the panel were assumed to flow vertically. Thus, the height of the panel was used as the effective length in this calculation. The natural convection was also assumed to be laminar. For laminar natural convection on a 1 m high vertical panel, the critical temperature difference between the backside of the panel and the indoor environment is approximately 13°C. For the dataset considered, less than 15% of the uninsulated panel measurements exceeded 13°C. All of the insulated panel measurements were well below the 13°C temperature difference.
Change in Stored Energy. The change in stored energy from one time step to the next is calculated according to Eq. ͑8͒. The temperature change of each material is affected by its specific heat, thermal conductivity, mass ͑shown as density and thickness͒, and the length of time between steps. The stored energy term is a significant advancement over the NOCT model. Accounting for thermal mass prevents unrealistic swings in calculated panel temperatures during periods of quickly changing irradiance levels. Laminar flow, uniform surface temperature Variations of Heat Transfer Model. The model described above may require measurements that are not readily available to architects while designing a building. Therefore, variations of the original model, denoted as Model 1, were considered. Simplifying assumptions result in heat transfer models that most architects can readily use. The minimum amount of climatic information required to use the most simplified model is outlined below:
• Outdoor ambient temperature data • Wind velocity data • Horizontal total irradiance and normal incident beam irradiance data • Indoor ambient temperature data Table 4 shows the assumptions for each model variation. The first variation on the original model, Model 2, assumes that the effective temperatures of the surroundings are equivalent to the respective indoor and outdoor temperatures. Model 3 is a variation on Model 2, and it assumes that the wind speed across the panel is equal to the wind speed in the free stream. In our case, a rooftop anemometer measures the free stream wind speed. Finally, Model 4 uses radiation measurements in the horizontal plane and transforms them to the plane of the panels.
The transformation of measured horizontal radiation to that on a vertical façade assumes an anisotropic sky ͓6͔. A true anisotropic sky model includes a term for horizon brightening. For the NIST BIPV test bed, an adjacent building blocks the horizon from view of the BIPV panels. Therefore, the horizon brightening term is assumed to have a negligible effect on the total tilted irradiance. The NIP, which has an aperture of 5.7°, measures the circumsolar diffuse radiation term of the anisotropic sky model along with the beam radiation. Equations ͑18͒, ͑19͒, ͑20͒, and ͑21͒ convert total horizontal, normal incident beam, and horizontal diffuse radiation to total radiation on a surface tilted at an angle, ␤. 
The ground reflectance, g , in Eq. ͑20͒ was determined to have an approximate value of 0.15. A large percentage of the surfaces in front of the BIPV test bed are asphalt, and asphalt has a reflectance of approximately 15% ͓16͔ over a range of wavelengths from 400 nm to 1200 nm, which corresponds to the spectral response of the cells ͓10͔.
Model Solution
The prediction of panel temperatures using the NOCT method is straightforward. However, the one-dimensional transient heat transfer model results in a set of non-linear, non-homogeneous differential equations, and it requires an iterative solution. An implicit finite difference scheme was used to solve the model. Each layer ͑cover material, cells, backsheet, and insulation͒ was divided into four sections. Nodes were placed at the center of each section. Additionally, a section of zero thickness was placed on indoor and outdoor surface of the panel assembly to facilitate the comparison of predicted and measured temperatures. The equations were solved in matrix form, but due to the nonlinear nature of the model, iteration of the surface temperatures was required.
Results and Discussion
The results presented for both the NOCT and one-dimensional heat transfer model utilize the correlation coefficient, R 2 , to quantify the success of the temperature prediction. The R 2 values are calculated for times when the total irradiance was greater than zero ͑and power is generated͒. The one-dimensional transient model was run at five-minute intervals over the period between August 22, 2000 and October 6, 2000, which includes a mix of clear, partly cloudy, and overcast days.
NOCT Model. According to the NOCT technique, the temperature difference between the PV cells and the outdoor ambient conditions is strictly a linear function of the irradiance. Therefore, a plot of the temperature difference between the PV cell and the outdoor ambient temperature as a function of irradiance, as seen in Figs. 2͑a͒ and ͑b͒, is linear. This figure includes nine months of temperature data for the panels recorded in the BIPV test bed, which includes a wide range of ambient temperatures and incident angles. The large amount of scatter is caused by many factors. First, the thermal storage capacity of the panels can lead to high temperature differences coupled with low irradiance values on partly cloudy days. Second, variations in wind speed, which drive the forced convective cooling on the outside panel surface, result in significant changes in panel temperatures. This effect is more pronounced at higher values of solar irradiance due to the elevated temperatures of the panel.
The uninsulated single crystalline panel temperature, predicted by the NOCT technique, Fig. 2͑a͒ , shows that the measured temperature differences can deviate 10 K or more from the NOCT Fig. 3͑a͒ , in contrast to a 20 K difference for the insulated panel, Fig. 3͑c͒ . The larger deviation of the insulated panels is expected considering that the NOCT temperatures, in accordance with ASTM E 1036M, are measured on uninsulated panels. Also, because the NOCT model only depends on the irradiance and the ambient temperature, the predicted panel temperature for the in- sulated and uninsulated panels are equal. Table 5 shows R 2 values for the two panels using both the measured vertical irradiance and the predicted vertical irradiance, Eqs. ͑18͒-͑21͒. Table 6 demonstrates the large deviation in the predicted electrical power of an uninsulated and insulated single crystalline panel for both a clear and cloudy day. As stated earlier, the peak power was predicted using the various measured and estimated panel temperatures in a model proposed by Sandia National Laboratory ͓5͔. The NOCT model using the transformed horizontal irradiance results in a power prediction that is slightly different on cloudy days than the NOCT model using the measured vertical irradiance. This difference results from the small difference between the two irradiance values. A small difference in the irradiance makes a large difference in the power. Figure 4 illustrates the change in predicted peak power as a function of panel temperature. The peak power can differ greatly within a 20 K window at higher values of irradiance. Table 7 shows the energy production predicted using the actual panel temperatures and using the panel temperatures predicted by the NOCT model for the entire modeled period.
One-Dimensional Heat Transfer Model. The original onedimensional transient heat transfer model, Model 1, was expected to more accurately and precisely predict panel temperatures as compared to the NOCT model. Four variations of the model were run over the same data set to investigate the benefits of increasing model complexity. First, convection relations for the inside and outside surfaces were chosen.
Forced and Natural Convection Relations. All eight combinations of the applicable forced and natural relations, Tables 2 and  3 , were run on the same data set. A composite value of R 2 for both panels was computed for each convection relation combination, which gave a quantitative measure of the accuracy of each combination. Table 8 lists the R 2 values for each combination of convection relations. The convection relation numbers for both forced and natural convection reference Tables 2 and 3, respectively. The bolded entry in Table 8 , ͑forced convection relation 2, natural convection relation 1͒, was chosen as the best set because it resulted in the highest R 2 value. The Sparrow correlation, forced convection relation 2, and the Ostrach relation, natural convection relation 1, were used as the forced and natural convection Nusselt numbers, respectively, for all four variations on the 1-D heat transfer model.
Model Variations. Different model variations were considered with the understanding that few end-users would have the depth of information and measurements available through NIST's BIPV test bed. As shown previously in Table 4 , Model 1 includes all available data from the test facility, and Model 4, for example, includes data that is expected to be available to all users. Table 9 compares R 2 values between models for both panels. Figures 5 and 6 show the panel temperatures predicted by the different model variations for the uninsulated and insulated panels, respectively. Model 1 predicts the operating temperature of both panels considerably better than the NOCT model. Figure 5 shows that the uninsulated panel temperatures are within 5 K throughout both the clear and cloudy days. This is an improvement over the 10 K underprediction of the NOCT model for an uninsulated panel. This improvement can be seen in the R 2 value for Model 1 in Table 9 . The predicted power, Tables 10 and 11, using the panel temperatures from Model 1 closely agree with the power predicted using the measured panel temperatures, which corresponds to the closely matching temperatures predicted by the model.
The insulated panel temperatures are also more closely predicted using Model 1, Fig. 6 , compared to the NOCT model. The proposed model overpredicts the panel temperatures during the midday. This overprediction may be the result of the onedimensional heat transfer assumption in the insulated case. The thermal resistance of the insulation is so great that a significant amount of heat may be lost laterally to the aluminum framework supporting the panel. The overprediction of the panel temperatures results in an underprediction of the peak power using Model 1, as seen in Table 11 . Also, Table 10 shows that the overprediction of temperatures by Model 1 results in a slight drop in the predicted energy production over the entire modeled period.
The first variation in the model ͑Model 2͒, which assumes that the temperature of the surroundings is equal to the respective ambient temperatures, results in a higher temperature prediction relative to Model 1. In general, the effective temperature of the outdoor surroundings is less than the outdoor ambient temperature. Therefore, the outdoor radiative heat transfer decreases with this assumption, and less heat transfer to the environment would drive the predicted panel temperatures higher.
Conversely, the second variation of the model ͑Model 3͒, which simplifies the model further by assuming that the wind speed measured on the roof equals the wind speed on the wall, works to improve the temperature predictions for both the insulated and uninsulated panel. The wind speed on the roof is significantly higher than the wind speed on the BIPV wall. Thus, the convective heat transfer at the outside surface is higher, which brings the temperatures down in both cases. The decrease in panel temperatures results in a higher predicted power, which improves the insulated predicted total energy production but makes the total energy prediction worse for the uninsulated case.
The majority of users will employ Model 4. This model uses measured horizontal radiation to approximate the solar radiation on a sloped surface, a vertical surface in the case of the NIST BIPV test bed. The irradiance transformation slightly underestimates the irradiance on a vertical surface for cloudy days.
The lower irradiance estimations in Model 4 lead to a cooler panel temperature prediction for both panels on cloudy days. The panel temperature predictions on clear days closely match those in the previous model. Similarly, the power prediction for cloudy days suffers due to the lower irradiance estimate, but on clear days, the peak power closely matches that of Model 3.
Comparison of NOCT Model and Model 4.
Using the transformed horizontal irradiance measurements, the NOCT model and the fourth version of the one-dimensional heat transfer model start on an even plane. Figure 7 shows that Model 4 provides a better estimate of the panel temperatures for both insulated and uninsulated panels. Except for the partly cloudy day with the lower irradiance estimate, both the NOCT model and Model 4 closely predict the power output for the uninsulated panel, as shown in Table 11 . However, the NOCT model greatly overpredicts the power for the insulated case. This clearly shows the limitations of the NOCT model. The NOCT model does not have the ability to adjust to the different mounting scenarios; it predicts the exact same power for both the insulated and uninsulated panels.
Conclusions
The NIST BIPV test facility provides high-quality experimental data for the validation of predictive performance tools. The NOCT model is widely used to estimate panel temperatures, but the data recorded at NIST indicates that the NOCT model consistently underpredicts the panel temperatures, and the actual panel temperatures can be as much as 20 K higher than the predictions of the NOCT model for an insulated panel. A more complex, onedimensional heat transfer model was derived to improve upon the NOCT model. Forced and natural convection relations were chosen from 8 combinations, and four variations of the model were investigated. Model 1 included measurements not readily available to most building designers, but it was the most realistic. Model 4 only included variables that are accessible by the majority of designers. All of the models reasonably predicted the panel temperatures for both insulated and uninsulated panels. When compared to the NOCT model, Model 4 more accurately modeled the panel temperatures, especially for insulated panels.
Appendix A
The uncertainties of the measured quantities used to evaluate the one-dimensional and NOCT models in this paper are shown in Table A1 .
These expanded uncertainties were calculated using the law of propagation of uncertainty and a coverage factor of 2 (kϭ2). The uncertainty of the thermocouples used to measure T cell and T ambient was determined statistically from a calibration performed with NIST calibrated thermometers. The uncertainties of all other instruments were assumed from manufacturer's specifications. All uncertainties reported by a manufacturer that did not include a coverage factor were assumed to incorporate a coverage factor of 1 (kϭ1). The instrument uncertainties are listed in Table A2 . 
